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ABSTRACT 

In the second quarter, increased understanding was 
gained of the effects of various lithium diffusion 
schedules on cell behavior. Included is a summary 
of one shipment of 60 cells delivered to J P L  for 
testing . 
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1.0 INTRODUCTION 
This program is intended t o  determine the  proper t ies  

of s i l i c o n  s o l a r  cells  doped w i t h  l i t h ium,  and t o  study 
t h e  process parameters giving optimum pos t  i r r a d i a t i o n  
recovery and good ce l l  s t a b i l i t y .  

Work continued on evaluating the effects of various 
lithium d i f fus ion  cycles  on d i f f e r e n t  forms of s i l i con .  
An overa l l  p i c tu re  of t he  s p a t i a l  lithium d i s t r i b u t i o n s  
a f t e r  various cycles  w a s  obtained by probing, and the 
accompanying changes i n  I-V c h a r a c t e r i s t i c s  w e r e  followed. 

2 . 0  TECHNICAL DISCUSSION 

2.1 LITHIUM INTRODUCTION METHODS 
Most work t h i s  quar te r  used o i l  suspensions of 

lithium. The capaci ty  of t h e  d i f fus ion  boat  was increased, 
allowing uniform di f fus ion  fo r  twenty four 2 c m 2  cells 
per run. 

Additional work on vacuum evaporation s t i l l  gave a 
g rea t e r  spread i n  cel l  c h a r a c t e r i s t i c s  than the paint-on 
method. 

No work w a s  performed on lithium vapor methods i n  
t h i s  period, b u t  more is  scheduled. 

2.2 LITHIUM CONCENTRATION PROFILES 
It is  convenient t o  def ine th ree  kinds of lithium 

di f fus ion  cycle,  each giving a c h a r a c t e r i s t i c  type of 
lithium d i s t r ibu t ion .  These cycles  are:  

(a) Tack-On - The d i f fus ion  cycle  cons i s t s  of a low 
temperature o r  a shor t  time, forming a t h i n  layer 
of l i t h i k n ,  severa l  m i l s  thick (see Figure 1). 

(b) Drive-In - The d i f fus ion  temperature o r  t i m e  exceeds 
that  i n  (a ) ,  w h i l e  t h e  lithium source is  maintained 
i n  contact  w i t h  t h e  s i l i c o n .  A t h i ck  layer  heavi ly  
doped w i t h  lithium is formed (see Figure 2 ) .  

(c) Redis t r ibut ion - A f t e r  (a) or (b), t h e  slices a r e  
cooled, t h e  excess lithium is removed from t h e  s l i c e ,  
and the slice is  given an addi t iona l  d i f fus ion  cycle.  
I f  r ed i s t r ibu t ion  follows ( a ) ,  the p r o f i l e  changes as 
shown i n  Figure 3;  i f  r ed i s t r ibu t ion  follows (b) , 
Figure 4 shows the p r o f i l e  changes. 

- 1 -  



.4 

m 
I 
H 
0 
Y 

3 

3 

- 
E 

14 

Figure  1. 

- ._ - - _. - 
Lithium concentration profiles af te r 
tack-on diffusions. 

- .- 

TA 

450 

--- 

C FOR TIME 

6 
- 

12 IO 8 G 4 
-DISTANCE FROM C F I  I R A C K  I M I  I S)  

---I-.-- 

. - - . . -. - 

2--- MIN. 

.- 

_I--_ 



L4 

3 
111 
0 
Y 

8 
F 
U 

3 
P 
3 

I I I I 
Figure 2 .  Lithium concentration profiles after 

drive-in diffusions. 
--- 

OF 

450" 

I 

IE-IN CYC 

FOR TIME 

i 

:s 
SHOWN 

I_.- 

--- 

-- 

I_ 

14 12 10 8 6 4 2 0 
DISTANCE FROM CELL BACK (MILS) - 3 -  



Figure 3 .  Lithium concentration profiles following 
redistribution of a tack-on diffusion. 
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Figure  4 .  Lithium concentration profiles following 
redistribution of a drive-in diffusion. 
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2.2 LITHIUM CONCENTRAlCION PROFILES (Continued) 
Under some condi t ions,  a r ed i s t r ibu t ion  cycle  can 

produce a more uniform l i thium d i s t r i b u t i o n  through t h e  
cell .  However, the l i thium concentration i s  genera l ly  
lower near the major surfaces .  The loss near the back 
surface may r e s u l t  from out-diffusion, tha t  near the f ron t  
surface from d i s so lu t ion  of lithium i n  the d i f fused  boron 
layer .  The concentration p r o f i l e s  shown are p lo t t ed  on 
log-l inear  scales, and th i s  d isguises  the ex ten t  of the 
va r i a t ions .  I f ,  after various r ed i s t r ibu t ion  cyc les  the 
ac t ive  donors are summed (by in t eg ra t ing  under a l i n e a r  
p l o t  of concentration versus d i s t ance ) ,  se r ious  ove ra l l  
losses  of l i th ium are found; t yp ica l ly  for 30 minutes 
r ed i s t r ibu t ion  a t  45OoC, the l i thium content f a l l s  by 
70% f o r  crucible-grown s i l i con ,  and 4077 f o r  float-zone 
s i l i con .  

These p r o f i l e s  show tha t  many d i f f e r e n t  d i f fus ion  
cyc les  introduce l i thium concentrations above 1015 cmW3 , 
t hus  converting most of the bulk N-silicon t o  low 
r e s i s t i v i t y  (< 1 ohm-cm) s i l i con .  Solar  cells  w i t h  such 
doping general ly  behave as expected. Voc values range 
from 560 mV t o  600 mV, and the series r e s i s t ance  is  low.  
The capacitance, dark diode characteristics, A-values 
and temperature coe f f i c i en t s  are also t y p i c a l  of low 
r e s i s t i v i t y  s i l i c o n .  

An in t e re s t ing  f ea tu re  of lithium cel ls  is  tha t  the 
co l l ec t ed  cur ren t  depends on the amount o f  l i thium near 
the PN junct ion,  higher concentratiomreducing Is, (see 
Figures 5 and 6 ) .  Examination of the changes i n  l i thium 
concentration af ter  r ed i s t r ibu t ion  (Figures 3 and 4) 
shows tha t  af ter  a tack-on cycle ,  Isc should s t e a d i l y  
decrease w i t h  r ed i s t r ibu t ion  whereas after a dr ive- in  
cycle ,  r ed i s t r ibu t ion  should increase Isc. These changes 
are found i n  practice (Figure 7 ) .  Voc is much less 
sens i t i ve  t o  these changes i n  lithium concentration. 

2.3 LITHIUM D I F F U S I O N  TESTS 
Some lithium d i f fus ion  runs w e r e  carried out  a t  

60OoC. The re su l t i ng  cells  had l o w  Isc, although Isc 
increased af ter  r ed i s t r ibu t ion .  

- 6 -  



m 
QJ 
k 
5 
M 

i;f 

\ 

8 0 r- 

-I______ 

----- 
a 

-d 
w r 
LL 
0 
W 

z 
9 

--e---- 

a 

J 





3 
I w > 
E 

II_ 

e, 

I k I  b 

(d 

m 
(d 

U 
m 
M 

r- 
e, 
k 
3 

44 
? 



2.3 LITHIUM DIFFUSION TESTS (Continued) 
Diffusion a t  45OoC, followed by r ed i s t r ibu t ion  a t  

105OoC l ed  t o  almost complete loss of measurable l i thium. 
A f t e r  r ed i s t r ibu t ion ,  the per fec t ion  of t h e  s i l i c o n  
recovered t o  the l e v e l  measured before  t h e  45OoC di f fus ion .  

2 .4  DIFFERENT SILICON FORMS 
The method used t o  grow the s i l i c o n  c r y s t a l s  can 

have a marked effect on lithium cells.  Before lithium 
is  introduced, cel ls  made from the various f o r m s  have 
comparable proper t ies .  However, af ter  similar l i thium 
d i f fus ion  schedules, c ruc ib l e  grown s i l i c o n  general ly  
gives  cells  w i t h  higher ISC and Voc, w i t h  corresponding 
increase a t  m a x i m u m  power. The d i f fe rences  are shown i n  
T a b l e  I. 

TABLE I. AMO, 2 c m 2  C e l l s  

Lithium Diffusion Monex, Lopex o r  Crucible Grown 
Schedule F loat-Zone S i  1 icon S i l i con  

425°C - 90 min. + 54.3 560 63.0 590 
0 min. r e d i s t .  

425°C - 90 min. + 59.4 555 65.0 590 
60 min. r e d i s t .  

425OC - 90 min. + 65.0 550 68.5 585 
120 min. r e d i s t .  

450°C - 40 min. + 54.8 560 62.0 600 
0 min. r e d i s t .  

450°C - 40 min. + 63.5 550 69.0 580 
80 min. r e d i s t .  
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2.4 DIFFERENT SILICON FORMS (Continued) 
These differences become l e s s  pronounced f o r  longer 

r ed i s t r ibu t ion  t i m e s .  The d i f fe rences  are s t i l l  found 
even when the d i f f e r e n t  forms of s i l i c o n  have undergone 
simultaneously, the same boron d i f fus ion ,  a n t i r e f l e c t i v e  
coating and l i t h i u m  d i f fus ion .  

Other electrical measurements on the c e l l s  a r e  as 
expected from t h e  AM0 I -V characteristics. Figure 8 shows 
the envelope of t h e  dark diode forward c h a r a c t e r i s t i c s  
f o r  two forms of s i l i c o n ,  w i t h  the d i f fus ion  cycle  shown. 
Figure 9 shows A-value p l o t s  fo r  c e l l s  w i t h  no lithium, 
and then f o r  the same li thium cycle.  The d i f fe rences  
are seen t o  extend down t o  l o w  l i gh t  leve ls .  Extra- 
polat ion of those curves t o  Vo, = 0 show that  c ruc ib le  
grown s i l i c o n  has higher sa tura t ion  cur ren t  than the 
other  forms . 

Measurement of the lithium concentration p r o f i l e s  
does not explain the  differences.  Generally, c ruc ib le  
grown s i l i c o n  has more lithium through t h e  cell,  and as 
shown above, t he  higher concentration near t he  P N  junction 
should decrease Is,-, opposite from the differences seen 
here. I n  agreement w i t h  t he  p r o f i l e  measurements, the 
surface concentration of l i t h i u m  f o r  crucible grown 
s i l i c o n  is  general ly  about double t h a t  f o r  t h e  other  
forms. 

These r e s u l t s  a r e  not e a s i l y  explained by other  
obvious differences i n  the ingots, such as  fo r  c ruc ib le  
grown ingots, r e s i s t i v i t y  is  lower, and t h e i r  oxygen 
content is much higher. The Voc differences a re  puzzling, 
p a r t i c u l a r l y  i n  the  slow var i a t ion  f o r  oxygen-lean 
s i l i c o n  over a wide range of lithium d i s t r ibu t ion .  More 
work is  needed t o  explain the differences r e su l t i ng  from 
the d i f f e r e n t  forms of s i l i c o n .  

2 . 5  OTHER TOPICS 
Work continued on applying aluminum contacts  t o  

lithium doped cells, w i t h  some success i n  equaling the 
electrical output obtained w i t h  t i t an ium - s i l v e r  contacts .  

- 11 - 
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Figure 9 .  A-value plots for two forms of si l icon, each 
given the same lithium diffusion, 425OG - 90 min. 
followed by 120 min. redistribution. 
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2.5 OTHER TOPICS 
A paper 

Properties", 
formed under 
Photovoltaic 

(Continued) 
e n t i t l e d  "Effects of Lithium on Solar C e l l  
which incorporated some of the work per- 
t h i s  contract ,  w a s  presented a t  the Seventh 
Spec ia l i s t s '  Conference. 

2.6 CELL SHIPMENT DETAILS 
One ce l l  shipment of s i x t y  (60) cells  w a s  made. 

C e l l  N u m b e , r s :  64-1 through C4-60 

Si l icon:  Monex* , 111 or ien ta t ion ,  probably phosphorus 
doped, r e s i s t i v i t y  100 ohm-cm. 

L i t h i u m  Diffusion: 

C e l l  N o .  

C4-1 t o  C4-12 
C4-13 t o  C4-24 
C4-25 t o  C4-36 
C4-37 t o  C4-48 
64-49 t o  C4-60 

C e l l  Properties:  

C e l l  No. 

C4-1 t o  C4-12 
C4-13 t o  C4-24 
C4-25 t o  C4-36 
C4-37 t o  C4-48 
64-49 t o  C4-60 

Paint-on, f i ve  d i f f e r e n t  schedules. 

Drive-In Redistribution 

425OC - 90 min. None 
425OC - 90 min. 425OC - 60 min. 
425°C - 90 min. 425°C - 120 min. 
450°C - 40 min. None 
45OoC - 40 min. 45OoC - 80 min. 

(AMO, 140 mW/cm2, c e l l  s i z e  2 c m 2 ) .  

54.3 50.6 558 
59.4 54.9 557 
65.1 53.2 556 
54.8 50.2 554 
63.5 57.2 550 

Most of the loss i n  Isc w a s  i n  long wavelength 
response. Figure 10 shows the 1450 values f o r  t h e  117 

s t a r t i n g  slices. The spread is  grea te r  than tha t  found 
f o r  crucible-grown s i l i c o n  with the same lithium di f fus ion  
schedules. Figure 11 shows t h e  cumulative percentage of 
1450 values f o r  the f i v e  groups. 

* Trademark of Monsanto C h e m i c a l .  
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2.6 CELL SHIPMENT DETAILS (Continued) 

L i t h i u m  Distr ibut ion:  Figure 1 2  shows the l i thium 
d i s t r ibu t ions  measured by r e s i s t ance  probe f o r  the  
various d i f fus ion  conditions.  In  general ,  the ISC 
values f a l l  i n t o  the sequence expected from the 
lithium concentration near the f r o n t  surface.  

3 .0  CONCLUSIONS 
There i s  s t i l l  a need t o  improve the methods from 

introducing lithium i n t o  s i l i con ,  pa r t i cu la r ly  t o  
develop methods capably of scaling-up. I n  t h i s  period, 
more understanding w a s  gained of the effects of d i f f e r -  
en t  lithium d i f fus ion  cycles.  There is  a d e f i n i t e  
d i f fe rence  i n  the behavior of d i f f e r e n t  forms of s i l i con ,  
and the reasons f o r  the d i f fe rence  a re  not c l e a r  a t  
present .  

4.0 RECONMENDATIONS 
I n  the next qua r t e r  e f f o r t  w i l l  be applied t o  

understand the effect of l i thium on cells m a d e  f r o m  
d i f f e r e n t  forms of s i l i con .  

5.0 NEW TECHNOLOGY 

None 
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